Abstract Heat shock factor Hsf in nonvertebrate animals and homologous heat shock factor Hsf1 in vertebrate animals are key transcriptional regulators of the stress protein response. Hsf/Hsf1 is constitutively present in cells but is, typically, only active during periods during which cells are experiencing a physical or chemical proteotoxic stress. It has become increasingly clear that regulation of Hsf/Hsf1 activity occurs at multiple levels: the oligomeric status of Hsf/Hsf1, its DNA-binding ability, posttranslational modification, transcriptional competence, nuclear/ subnuclear localization, as well as its interactions with regulatory cofactors or other transcription factors all appear to be carefully controlled. This review emphasizes work reported over the past several years suggesting that regulation at several of these levels is mediated by repressive interactions of Hsp90-containing multichaperone complexes and/or individual chaperones and Hsf/Hsf1.
INTRODUCTION
Heat shock transcription factors (Hsf) and regulation of the stress protein response were reviewed periodically before (eg, Wu 1995; Morimoto 1998; Morano and Thiele 1999; Pirkkala et al 2001; Christians et al 2002; Holmberg et al 2002) . The reader is referred to this earlier literature for aspects not discussed in detail herein. Although an attempt was made to at least introduce the many aspects of the subject area, this article is primarily intended to review the topic of regulation of Hsf activity by heat shock proteins and other chaperones and cochaperones. The reason for this focus is not only that this topic has been a major interest of the author's laboratory but also that much of what is now known has only been learned during the past several years and has not yet been properly reviewed. For many years, models of Hsf regulation by chaperones have been ''in competition'' with models invoking direct sensing of stress by the heat shock factor (HSF) molecule. The latter models are also reviewed herein, albeit from the perspective of one who favors a chaperone-based model. Finally, several addi-tional factors that were shown to affect Hsf activity are discussed, especially those discovered only recently.
Nonvertebrate metazoans such as the fruit fly Drosophila melanogaster have a single Hsf. Vertebrates are capable of expressing 4 distinct but related Hsf species. Hsf1, Hsf2, and Hsf4 are found in mammalian cells, whereas Hsf3 appears to be an avian-specific factor. Depending on the context, the term ''Hsf'' is used herein to relate to heat shock factor generically or to a heat shock factor from a nonvertebrate, metazoan cell that expresses only a single type of factor.
Sequence and functional features of a typical metazoan Hsf are outlined in Figure 1 , using human Hsf1 as the example. A DNA-binding domain comprising a winged, helix-turn-helix motif (see Harrison et al 1994 for a crystal structure of the related yeast Hsf domain; Vuister et al 1994; see Schultheiss et al 1996 for a study on a related plant Hsf domain) is located near the amino terminus (Clos et al 1990) . The domain is capable of interacting with the so-called heat shock element (HSE) sequences present in the promoters of heat shock protein (hsp) genes. Sequence comparison revealed that all Hsf types have a long, interrupted, hydrophobic repeat sequence (HR-A/B) situated adjacent to the DNA-binding domain. Oligomerization of Hsf requires the presence of at least a portion of this sequence (see Sorger and Nelson 1989;  Clos et al 1990; see also Peteranderl and Nelson 1992) . Most Hsf structures also include an additional hydrophobic repeat sequence (HR-C) in the carboxy-terminal third of their sequence. Studies on mammalian Hsf1 and Drosophila Hsf located transactivation domains near the carboxy ends of the respective factors (Green et al 1995; Shi et al 1995; Zuo et al 1995; Wisniewski et al 1996) .
There is convincing evidence that Hsf-Hsf1 is the key factor controlling stress-regulated gene expression in most vertebrate cells, excepting avian cells (see the comments below). Antibodies specific for Hsf1 supershift or inactivate essentially all stress-induced HSE DNA-binding activity (Baler et al 1993; Sarge et al 1993; Ali et al 1998) . An hsf1 Ϫ/Ϫ mouse, as well as a derived embryo fibroblast line, is deficient in heat induction of hsp gene expression (McMillan et al 1998; see also Zhang et al 2002) . The defective stress protein response in the hsf1 Ϫ/ Ϫ fibroblasts can be repaired by transfection of an Hsf1 expression construct (see, eg, Holmberg et al 2001) . Drosophila expressing the temperature-sensitive Hsf 4 mutation is incapable of heat-induced hsp gene expression (Jedlicka et al 1997) .
Although it was recently proposed that Hsf1 and Hsf2 could coactivate hsp genes under certain conditions of stress (Mathew et al 2001) or that Hsf2 may coregulate Hsf1 , the evidence supporting these roles for Hsf2 remains somewhat circumstantial. In contrast, it appears well established that Hsf2 is an important developmental regulator. Such a role was first suggested after the HSE DNA-binding activity of Hsf2 was found induced in hemin-treated K562 erythroleukemia cells (Sistonen et al , 1994 . Even though a subsequent study suggested that hemin-induced Hsp expression in K562 cells was mediated by Hsf1 rather than Hsf2 (Yoshima et al 1998) , the notion that Hsf2 plays a developmental role has survived: several studies of mouse development, including studies using hsf2 Ϫ/Ϫ mice, clearly implicated Hsf2 in developmental regulation (Rallu et al 1997; Eriksson et al 2000; Kallio et al 2002; Paslaru et al 2003; see also Wang et al 2003) . Surprisingly, this regulation may not involve modulation of hsp gene expression (Rallu et al 1997; Wang et al 2003) .
The carboxy half of Hsf4 lacks sequences present in other Hsf types . Interestingly, alternative splicing creates 2 Hsf4 proteins of slightly different sequence that have strikingly different functional properties (Tanabe et al 1999) : when overexpressed, HsfF4a acts as an inhibitor of both constitutive and heat-induced Hsp expression Tanabe et al 1999; Zhang et al 2001) , whereas Hsf4b has properties of a transcriptional activator (Tanabe et al 1999) . It is presently unknown whether endogenous Hsf4b significantly contributes to stress-induced HSF activity or whether endogenous Hsf4a modulates overall Hsf activity. Avian cells but not mammalian cells express additional heat shock factor Hsf3 (Nakai and Morimoto 1993) . The factor has a stress-induced HSE DNA-binding activity . Hsf3 null cells are defective in stressinduced Hsp expression and thermotolerance to severe heat stress (Tanabe et al 1998) . A recent study revealed that the avian (chicken) Hsf1 is only marginally capable of transactivating the major hsp genes but enables cells to tolerate moderately severe stress (Inouye et al 2003) . Hence, in avian cells both Hsf1 and Hsf3 contribute to stress resistance. The independent functions of avian Hsf1 and Hsf3 appear to be combined in mammalian Hsf1.
ACTIVATION OF HSF1 IS A MULTISTEP PROCESS
Westwood and colleagues discovered that heat treatment of Drosophila cells induced homotrimerization of Hsf (Westwood et al 1991; Westwood and Wu 1993) . Subsequent studies on other metazoan Hsf-Hsf1 revealed this to be a general feature of factor activation (eg, for observations on human Hsf1, see Baler et al 1993; Sarge et al 1993) . Systematic mutagenesis experiments suggested that homotrimerization and acquisition of HSE DNAbinding activity are inseparable events (Zuo et al 1994) . Thus, high-affinity binding of HSE sequences appears to depend on proper juxtaposition of multiple Hsf DNAbinding domains. HR-C and both ends of the HR-A/B region were shown to participate in repression of HsfHsf1 oligomerization and DNA-binding activity in the unstressed cell Zuo et al 1994; Orosz et al 1996; Farkas et al 1998) . These findings orig-inally led to the hypothesis that intramolecular interactions between these repeat sequences may occur in the Hsf-Hsf1 polypeptide. Repression of Hsf-Hsf1 oligomerization could then be imagined to involve stabilization of the latter hydrophobic interactions by a repressor protein.
Considering that direct evidence for such interactions was never obtained, the alternative explanation may now be preferable that trimerization of Hsf-Hsf1 is suppressed by interactions between the hydrophobic repeats and one or more repressor proteins. Mutations in the linker region between the DNA-binding domain and HR-A/B were also observed to deregulate factor trimerization Liu and Thiele 1999) .
Homotrimerization, leading to acquisition of HSE DNA-binding activity, is only the first of at least 2 steps involved in the process of activation of Hsf1 occurring in a stressed cell. This conclusion is supported by the identification of chemicals or conditions that induce HSE DNA-binding activity but not expression of hsp genes (Jurivich et al 1992; Bruce et al 1993) . Furthermore, when Hsf1 is overexpressed from transfected genes, a large fraction of factor accumulates as DNA-binding trimers . These trimers possess only minimal transcription-enhancing activity. Thus, Hsf1 DNA-binding ability and transactivation competence are regulated independently.
Mutagenesis experiments suggested that Hsf1 transactivation competence is also controlled by a repression mechanism. Green et al (1995) examined Gal4 chimeras that included residues 201-310 or 221-330 and a transcription activation domain from human Hsf1 as the only Hsf-related sequences. These chimeras were capable of imparting heat regulation on a reporter gene. Some degree of heat regulation was even achieved when the Hsf1 transcription activation domain was replaced by Vp16 . These experiments defined a ''regulatory domain'' approximately spanning residues 201-330 of human Hsf1 (see also Zuo et al 1995) . A single point mutation, a Lys 298 to Ala substitution, compromised the regulatory domain in a Gal4-Hsf1 chimera, resulting in elevated transcriptional activity in the absence of a stress .
Unlike in human cells (see previous paragraph), oligomerization of human Hsf1 overexpressed from microinjected messenger RNA is stringently repressed in Xenopus leavis oocytes (Zuo et al 1994) . Taking advantage of this robust regulation of exogenous Hsf1 in the Xenopus oocyte, experiments could be performed that provided further evidence for the independence of the mechanisms repressing Hsf1 oligomerization and transcriptional competence . Results showed that an Hsf1 mutant lacking the regulatory domain remained heat regulated for oligomerization-DNA-binding activity as well as transactivation ability. A mutant containing a disabled HR-C had HSE DNA-binding activity but lacked transactivation competence in the absence of a stress. A combination of the 2 mutations resulted in a mutant factor that was constitutively oligomeric and transactivation competent. A complementary observation was made in Drosophila: an Hsf mutant deleted in a sequence corresponding topologically to the Hsf1 regulatory domain (d259-440) still oligomerized in a heat-regulated fashion .
MECHANISMS OF REGULATION OF HSF1-HSF ACTIVITY

Chaperone repression of Hsf-Hsf1 at multiple levels
In the early 1980s it dawned on many of us that the common denominator of most, if not all, conditions and chemicals known to induce Hsp expression was a potential for causing protein unfolding or accumulation of unfolded proteins, or both. Hence, an elevated level of unfolded proteins could be the proximate trigger of the stress protein response (eg, Kelley and Schlesinger 1978; Hightower 1980 ). The first aspect of this hypothesis, ie, that many inducers of Hsp expression cause accumulation of unfolded proteins, appears reasonable based on chemical and physical principles. It is further supported by a series of studies that led to the realization that a predominant mechanism of protein unfolding involves oxidation of nonprotein and protein thiols, resulting in glutathioneadducted and cross-linked proteins (Freeman et al 1995; Liu et al 1996; McDuffee et al 1997; Senisterra et al 1997; Zou et al 1998b) . To test the second aspect of the hypothesis, ie, whether unfolded protein could activate Hsp expression, Xenopus oocytes were coinjected with an hsp70 promoter-driven reporter gene and either chemically denatured proteins or the same proteins in native form (Ananthan et al 1986) . Reporter assays revealed that the denatured proteins, but not the native proteins, induced reporter activity. These observations were interpreted as evidence that denatured or nonnative proteins are the proximate trigger of activation of Hsf and, consequently, the stress protein response.
In the above microinjection experiments, chemically denatured proteins were generated by exposure to urea and subsequent carboxy-methylation using iodoacetic acid in the presence of dithiothreitol. Because reagents were carefully removed before microinjection, the microinjected, stably derived, reduced proteins were not expected to be capable of directly altering Hsf1 structure or of functioning as oxidants. Consequently, the results of the microinjection experiments led away from the idea that Hsf activation results from direct sensing of a stress by the Hsf. Instead, they suggested that the cell contains a factor that can sense an increased level of nonnative proteins and, somehow, translate this information to cause an appropriate level of Hsf activation. Because of their propensity for dynamic association with nonnative proteins, Hsps and other chaperones have an intrinsic capacity to function as sensors of levels of nonnative proteins. If an Hsp were a repressor of Hsf, factor activation would result from increased competition for the Hsp by proteins denatured during a stressful situation. Hsf would remain in an activated state until the level of nonnative proteins would have been reduced to the prestress level by refolding or degradation, or the level of ''repressor Hsp'' increased sufficiently to counteract competition by nonnative proteins. Note that this mechanism would include feedback components. The existence of such a component was postulated long ago by Lindquist (1980) and Didomenico et al (1982) .
Discovery of the repressor Hsp proved to be more difficult and protracted than had been expected. For many years, Hsp70 was the preferred candidate for repressor. For reasons that can now be better appreciated, convincing evidence for Hsp70 as the key repressor of Hsf activation could not be obtained Baler et al 1992 Baler et al , 1996 Mosser et al 1993; Rabindran et al 1994) . Several more recent studies finally began outlining the mechanisms that appear to keep Hsf-Hsf1 in an inactive state (Ali et al 1998; Zou et al 1998a; Bharadwaj et al 1999; Guo et al 2001; Marchler and Wu 2001 ; for a related study on yeast, see Duina et al 1998) . These studies owed much to progress made in the understanding of the role of Hsp90 and cochaperones in steroid receptor regulation (Pratt and Toft 1997) and to in vitro experiments showing that Hsp90 and cochaperones can interact with Hsf1 (Nadeau et al 1993; Nair et al 1996) . A role for Hsp90 in Hsf1 repression was also suggested by the finding that Hsp90-binding drugs of the benzoquinone ansamycin family, eg, herbimycin A and geldanamycin, activate (mammalian) Hsf1 (Hedge et al 1995; Zou et al 1998a) . Zou et al (1998a) developed a HeLa cell lysate system that was capable of recapitulating in vitro important aspects of Hsf1 regulation observed in vivo. In this system, Hsf1 oligomerization and DNA-binding activity could be induced by heat, geldanamycin, or addition of chemically denatured proteins. The system was used to determine whether immunodepletion of an Hsp, or another chaperone or cochaperone, could induce Hsf1 DNA-binding activity under nonstressful conditions. Depletion of Hsp90, but no other chaperone or cochaperone examined, produced Hsf1 DNA-binding activity. Back addition of purified Hsp90 prevented this effect. Ali et al (1998) found that ''depletion'' of Hsp90 by antibody injection induced Hsf1 DNA-binding activity in Xenopus oocytes. This induction could be prevented by injection of purified Hsp90, subsequent to Hsp90 antibody injection. Using the same system, Bharadwaj et al (1999) tested antibodies against other chaperones and cochaperones. These experiments revealed that p23 depletion also caused induction of HSE DNA-binding activity in the absence of a stress. Little importance should be accorded to the negative result that a similar effect of p23 depletion did not show in the HeLa lysate experiments discussed before. Several factors, including differences in the stability and dynamics of in vitro and in vivo interactions between Hsf1, Hsps, and other chaperones and cochaperones as well as differences in p23 antibodies used, may account for the difference in results observed. Hsp90 and p23 are components of the type of multichaperone complex that is part of the final steroid aporeceptor complex (Pratt and Toft 1997) . Thus, Hsf1 oligomerization and DNA-binding activity appear to be repressed by an association of monomeric Hsf1 with a similar multichaperone complex that maintains steroid receptors in a latent form. Note that the latter multichaperone complex also includes an immunophilin. Perhaps, because of the redundancy of immunophilins, neither the HeLa in vitro system nor the Xenopus oocyte system identified an immunophilin as a corepressor. However, a genetic study found a Cyp40-like cyclophilin participating in the repression of yeast Hsf activation (Duina et al 1998) .
On stabilization by in situ cross-linking, complexes containing Hsf1 and Hsp90 could be immunoprecipitated from unstressed HeLa cells. Heat treatment of the cells caused the majority of these complexes to disappear at a rate comparable with that at which Hsf1 trimerization occurred (Zou et al 1998a; Guo et al 2001) . In these experiments, immunoprecipitations were carried out under stringent conditions such that only complexes crosslinked within the cells were detected. Hence, complexes that existed in the cells could be distinguished from associations that may have formed after cell lysis. A possible alternative interpretation of the data that Hsf1 may have relocalized during heat treatment and, as a consequence, was no longer accessible to cross-linker could be excluded (Guo et al 2001) . To summarize, the available data suggest that repression of Hsf1 oligomerization-DNA-binding activity is relieved under conditions under which an association of Hsf1 polypeptide and an Hsp90-containing complex (the Hsp90-p23-immunophilin type complex discussed above) can no longer be maintained. Unbound Hsf1 polypeptides self-associate to form Hsf1 homotrimers. Additional support for this hypothesis was provided by Knowlton and Sun (2001) who showed that geldanamycin reduced the Hsf1-Hsp90 interaction in rat cardiac myocytes. Furthermore, Zhao et al (2002) observed that overexpression of Hsp90 substantially depressed heat induction of Hsf1 DNA-binding activity in mouse NIH3T3 cells.
It is well known that an association of an Hsp90-p23-immunophilin complex with a substrate protein, such as a steroid receptor, is a dynamic end product of a pathway of chaperone interactions (Pratt and Toft 1997) . These chaperone interactions involve initial binding of a substrate by Hsp70 and Hsp40, introduction of Hsp90 by Hsp70-and Hsp90-binding protein Hop, and replacement of the first Hsp90 complex with the final, ''mature,'' Hsp90-p23-immunophilin complex. Assuming that a similar assembly process occurs on Hsf1, one would predict that depletion of any of the proteins participating in the assembly process could result in induction of Hsf1 oligomerization and DNA-binding activity. Whether such an effect can be demonstrated may depend on the degree of depletion of a protein necessary for slowing the assembly process, the degree of depletion achievable in the experiment, functional redundancy of the protein, the rates of the assembly process and of dissociation of the interaction of Hsf and mature chaperone complex, etc. Conceivably, these factors may differ in vitro and in vivo as well as in cells of different origin and type. Neither in the HeLa lysate system nor in Xenopus oocytes did depletion of Hsp-c70, Hsp40, Hop, or Hip produce increased Hsf1 DNA-binding activity (Zou et al 1998a; Bharadwaj et al 1999) . However, marked effects were observed in Drosophila cells, when proteins were depleted by specific RNAi (Marchler and Wu 2001) . Depletion of Hsp70, Hsp40 (DroJ1) or Hsp90 enhanced HSF DNA-binding activity. Consistent with an involvement of these Hsps in a sequential assembly process, codepletion of Hsp70 and Hsp40, or of Hsp90 and Hsp40, had synergistic effects.
Collectively, the above-discussed studies support a model in which inactive, nontrimeric Hsf-Hsf1 undergoes an assembly process similar to that described for steroid receptors to produce an inactive, mature heterocomplex that includes Hsp90, p23 and, presumably, an immunophilin. Intermediate complexes, as well as mature heterocomplex, are of a dynamic nature. When the cell is exposed to a stressful condition, protein unfolding increases, and the concentration of nonnative proteins rises. These nonnative proteins serve as substrate for Hsp chaperones, other chaperones, and cochaperones. Because of the competition between nonnative proteins and HsfHsf1, the rate of the Hsf-Hsf1 heterocomplex assembly is reduced, resulting in a reduction or complete disappearance of the Hsf-Hsf1 heterocomplex. Released Hsf-Hsf1 self-assembles to form DNA-binding homotrimers. A view of this model is presented in Figure 2 .
As discussed before, trimeric, DNA-binding Hsf1 can be in a transcriptionally competent or incompetent state. This realization led to the hypothesis that Hsf1 may be subject to a second repression mechanism operating at the level of the trimeric factor. Hsp90-containing complexes, including Hsp90-p23-immunophilin complexes, had been observed to assemble on recombinant Hsf1 (Nair et al 1996) . Presumably, recombinant Hsf1 was predominantly in the trimeric state in these experiments. To prove beyond a doubt that Hsp90-containing complexes could associate with trimeric Hsf1, assembly reactions were repeated on recombinant Hsf1 noncovalently bound to HSE DNA immobilized on beads (Guo et al 2001) . The results were essentially the same as those of the earlier study. Antibodies against Hsp90, p23, and Fkbp52 were found to supershift HSE DNA-binding activity in electrophoretic mobility shift assays using extract from heattreated Xenopus oocytes (Bharadwaj et al 1999) . Hsf1 and Fkbp52 could be cross-linked in situ in heat-treated HeLa cells (Guo et al 2001) . Additional experiments showed that Fkbp52 antibody coimmunoprecipitated Hsf1 DNAbinding activity from cells overexpressing Hsf1. Together, these in vitro and in vivo observations provided strong evidence that trimeric Hsf1 associates with an Hsp90-p23-Fkbp52 complex and raised the possibility that transcriptional activation of trimeric, DNA-binding HSF1 is repressed by this interaction. Note that Hsf1 and Fkbp52 could only be cross-linked in situ in heat-treated but not in untreated HeLa cells (Guo et al 2001) . Additional experiments showed that Fkbp52 interacted much less well with an Hsf1 mutant impaired in its ability to trimerize than with wild-type Hsf1. Hence, the presence of Fkbp52 appears to be specific to trimeric Hsf1 complexes.
Experiments attempting to test the hypothesis that transcriptional activation of trimeric Hsf1 is repressed by an Hsp90-p23-Fkbp52 multichaperone complex made use of coimmunoprecipitation of Hsf1 and Fkbp52 for identification of trimeric Hsf1 complexes (Guo et al 2001) . Advantage was also taken of the earlier finding that, in cells overexpressing Hsp1 (or LexA-Hsf1, a chimera containing the LexA DNA-binding domain instead of the Hsf1 HSE DNA-binding domain), a large fraction of factor accumulates as DNA-binding, but transcriptionally inert, trimers. A first type of experiment tested the prediction that, in cells overexpressing LexA-Hsf1, manipulations causing an increased demand for chaperones (chemical stress, overexpression of glucocorticoid receptor or misexpression of bovine serum albumin in the cytoplasm) should both activate LexA-Hsf1 as well as reduce the level of trimeric LexA-Hsf1 complexes. The predicted results were consistently observed. A second type of experiment critically examined the prediction that, if multichaperone complex repressed Hsf1 transcriptional activity, it needed to be capable of interacting with the Hsf1 regulatory domain. As discussed before, this domain had been genetically defined as the sequence through which Hsf1 transcriptional activity is repressed. Results revealed that mutants lacking portions of the regulatory domain were severely impaired or unable to associate with the multichaperone complex. Thus, both types of experiments supported the hypothesis that transcription competence of Hsf1 is repressed by an association of the trimeric factor with an Hsp90-p23-Fkbp52 multichaperone complex.
The work outlined above provided evidence that Hsf1 activation is repressed at successive stages by similar chaperone complexes. The regulatory domain is now known to be the Hsf1 sequence that is contacted when the multichaperone complex interacts with the trimeric factor. The target sequence(s) in nontrimeric Hsf1 has not yet been defined biochemically. However, the results from mutagenesis experiments (see above) indicate that portions of the hydrophobic repeat regions (HR-A/B and HR-C) and a linker sequence N-terminal of the HR-A/B sequence, but not the regulatory domain, are involved in repression of Hsf1 oligomerization. Hence, the prediction is that the Hsp90-containing complex interacts with the former sequence elements but not with the regulatory domain of nontrimeric Hsf1. One can only speculate, at this time, about the apparent need for 2 chaperone-based repression mechanisms operating in sequence. A plausible explanation may be derived from observations suggesting that Hsf1 oligomerization may be a practically irreversible reaction. A modest decrease in the availability of chaperones for binding to Hsf1 polypeptide, and the consequential fractional increase in the concentration of unbound Hsf1 polypeptide, may result in nearly quantitative oligomerization of the factor. Hence, a chaperonebased repression mechanism may not be capable of ensuring that Hsf1 oligomerization increases proportionally with the level of stress experienced by a cell. A second repression mechanism operating on trimeric Hsf1 may provide this proportionality because unbound and chaperone-bound trimeric Hsf1 may readily equilibrate. Based on this model, one would predict that, at an intermediate level of stress, inactive Hsf1 heterocomplexes should virtually disappear, and essentially all Hsf1 should assemble into homotrimers. Some of these trimers should then be bound by the Hsp90-p23-Fkbp52 complex, preventing acquisition of transcriptional competence. This prediction may not be far off the mark: Guo et al (2001) observed that essentially all Hsf1 in HeLa cells was trimeric after a 15 minute heat treatment at 43ЊC but that a small yet readily detectable fraction of Hsf1 could be cross-linked in situ to Hsp90 at that time. Moreover, Hsf1 could also be cross-linked to Fkbp52 after but not before the heat treatment. Conceivably, assembly of the Hsp90-containing chaperone complex on trimeric Hsf1 may serve other or additional purposes. For example, the bound chaperones could be imagined to maintain trimeric Hsf1 in a conformation competent for other protein interactions that may be required for full activation of the factor.
A recent study by Dai et al (2003) provided evidence for Chip as a new Hsf1 regulator. Chip is a cochaperone that binds to Hsp70 and Hsp90 through its tetratricopeptide repeats and attenuates the adenosine triphosphatase activity of Hsp70 (Ballinger et al 1999) . Deletion of Chip was found to substantially reduce heat-induced or chemically induced Hsf1 activity, as assessed by Hsp70 West-ern blot or hsp70 reporter gene expression (Dai et al 2003) . Overexpression of Chip activated Hsf1. The protein associated with Hsf1 in unstressed as well as stressed cells, suggesting that it interacts with both nontrimeric and trimeric Hsf1 complexes. It may be speculated that the role Chip plays in HSF1 regulation could be related to maintenance of proper rates of multichaperone complex assembly on both nontrimeric and trimeric Hsf1. Excessively rapid assembly may reduce responsiveness to stress, whereas excessively slow assembly may result in a constitutively active HSF1. The activating effect of Chip on Hsf1 may also be explained as a consequence of the known ability of the protein to remodel Hsp90-containing multichaperone complexes, resulting in the removal of p23 from these complexes (Connell et al 2001; reviewed by McDonough and Patterson 2003) .
Although the above discussion was related to roles of chaperone complexes in repression of Hsf activation in the absence of a stress or in modulation of the activation process, it appears that chaperones are also involved in the deactivation of Hsf1 that occurs subsequent to a stressful event. Shi et al (1998) observed that Hsp70 and an Hsp40 (Hdj1) could interact with Hsf1 transcription activation domains. Overexpression of Hsp70 or Hdj1 inhibited transactivation by a Gal4-Hsf1 transcription activation domain chimera but not by a Gal4-Vp16 chimera.
Direct sensing of stress by Hsf-Hsf1
It can be imagined that other regulatory mechanisms could aid or enhance the effectiveness of the above-described chaperone-based mechanisms of repression of activation and of inactivation of Hsf1. Furthermore, it has not been demonstrated that virtually all Hsf-Hsf1 molecules are associated with chaperone complexes most of the time in the absence of a stress or during recovery from a stress. To date, all that can be extrapolated from effects of geldanamycin is that an important fraction of inactive Hsf1 is associated with and is repressed by Hsp90-containing complexes (Zou et al 1998a (Zou et al , 1998b ; see also the genetic experiments of Duina et al 1998). Therefore, the possibility cannot be excluded at this time that a fraction of Hsf-Hsf1 molecules could be regulated by mechanisms that are entirely different from the previously discussed chaperone-based mechanisms.
The question, whether direct activation of Hsf by physical conditions or chemical stressors can occur, has been addressed repeatedly. Several studies concluded that HsfHsf1 is capable of directly sensing heat and hydrogen peroxide stress (Goodson and Sarge 1995; Larson et al 1995; Zhong et al 1998) . Experiments reported involved production of monomeric mammalian Hsf1 or purification of a mixture of monomeric and trimeric Drosophila Hsf and demonstration that exposure of these preparations to elevated temperature or oxidant increased HsfHsf1 oligomerization and HSE DNA-binding activity. Although these in vitro experiments provided evidence that Hsf-Hsf1 is indeed capable of sensing certain types of stress, it remains unknown whether the findings can be extrapolated to Hsf-Hsf1 in cells. Furthermore, the studies did not offer a possible mechanism by which heat and hydrogen peroxide could alter Hsf-Hsf1 conformation such that a change in oligomerization state and DNAbinding activity is produced. Regarding the effects of heat, a mechanism based on temperature-induced conformational changes would appear to contradict results from earlier studies indicating that the temperature at which Hsf1 oligomerizes is determined by the cell but not the transcription factor Zuo et al 1995) . In these studies, human Hsf1 was introduced into Drosophila cells or Xenopus oocytes. Human Hsf1 oligomerized at much lower temperatures in the heterologous cells than in human cells. Furthermore, mouse T lymphocytes were found to have a lower temperature threshold for activation of Hsf1 than other mouse cell types, and mouse motor neurons were found to have a higher threshold (Batulan et al 2003; Gothard et al 2003) .
Recently, results were reported in support of the specific hypothesis that heat and hydrogen peroxide stress activate Hsf1 in vitro and in vivo through oxidation of 2 cysteine residues within the HSE DNA-binding domain, which cysteine residues then become engaged in redoxsensitive disulfide bonds (Ahn and Thiele 2003) . The cysteine residues of mouse Hsf1 involved were Cys 35 and Cys 105 (corresponding to Cys 36 and Cys 103 in human Hsf1). Several experimental findings appear to suggest that oxidation of the mentioned Hsf1 cysteines does not provide an important, independent mechanism of stress regulation of the factor. A human Hsf1 lacking Cys 36 was shown to be stringently heat regulated (Zuo et al 1994 . The studies used chimeric transcription factor LexA-Hsf1 that contained the entire human Hsf1 sequence, except for the HSE DNA-binding domain (residues 1-78), which was replaced with the DNA-binding domain of bacterial repressor LexA (residues 1-87). When the chimera was expressed in Xenopus oocytes, its oligomerization was entirely dependent on heat shock. Transactivation assays in human cells and Xenopus oocytes, using an appropriate reporter gene containing LexA binding sites, revealed that transcriptional activity of the chimeric factor was similarly dependent on heat treatment. It is also noted that, because it is highly conserved, Cys 36 could be expected to play a similar role in all Hsf species containing it. Deletion of the first 136 residues of Drosophila Hsf, including the conserved cysteine, was not found to abolish the ability of the factor to trimerize in response to heat stress Orosz et al 1996) . Furthermore, the cysteine oxidation model was primarily concerned with regulation of Hsf1 oligomerization and DNA-binding activity and all but ignored the fact that Hsf1 activity is controlled at multiple levels. As discussed previously, transcriptional competence is regulated independently of factor oligomerization. Stress regulation of transcriptional activity is mediated through the so-called regulatory domain. The experiments that defined this domain used Gal4-human Hsf1 chimeras that included the regulatory domain (residues 201-330) and transcription activation domain (residues 431-529) sequences but no other Hsf1 sequences (Green et al 1995) . The transcription competence of these chimeras was stringently heat regulated, even though they did not contain any cysteine residue. In summary, there is clear evidence that major mechanisms controlling Hsf1 oligomerization and transcriptional competence do not involve changes in the redox status of the cysteine residues in question. However, the literature discussed above did not address the possibility that oxidation of the 2 cysteines in the HSE DNA-binding domain of Hsf1 may specifically enhance the functionality of the DNA-binding domain. Thus, although HSE DNA-binding activity clearly can be induced in the absence of oxidation (Zou et al 1998a (Zou et al , 1998b , it may be enhanced by oxidation of the 2 cysteines. Depending on the precise redox status of the cell, such an enhancing effect may or may not be countermanded by the previously described inhibitory effect of oxidation on HSE DNA-binding activity (Jacquier-Sarlin and Polla 1996; Manalo and Liu 2001) .
Notwithstanding the above comments, a redox mechanism is believed to play a key role in the activation of Hsf-Hsf1 and the stress protein response. Heat and many, perhaps most, chemical inducers of Hsf-Hsf1 activity cause extensive oxidation of nonprotein and protein thiols in the cell, resulting in the formation of adducted and cross-linked proteins (Freeman et al 1995; Liu et al 1996; McDuffee et al 1997; Senisterra et al 1997; Zou et al 1998b) . These unfolded proteins are believed to compete with Hsf-Hsf1 for components of Hsp90-containing multichaperone complexes that sequentially repress Hsf-Hsf1 or other chaperones and cochaperones (or both) involved in the assembly of these multichaperone complexes. HsfHsf1, deprived of associated chaperones and cochaperones, rapidly trimerizes and proceeds to acquire transcriptional competence.
Other aspects of Hsf-Hsf1 regulation
Hsf-Hsf1 has long been known to become hyperphosphorylated when cells experience a stress. The best available evidence suggests that phosphorylation of human Hsf1 at Ser 303 , Ser 307 , and Ser 363 accelerates inactivation of the factor subsequent to a stressful event (for a review, see Holmberg et al 2002) . How this phosphorylation relates to the aforementioned mechanism of deactivation of transcriptionally competent Hsf1 by Hsp70 and Hsp40 is unknown. Phosphorylation of Ser 230 and Thr 142 was reported to enhance Hsf1 activity (Holmberg et al 2001; Soncin et al 2003) . Again, the mechanism(s) by which these phosphorylation events enhance Hsf1 activity remains to be elucidated. Several protein kinases, including Erk1/2, Gsk3, Jnk, CamkII, Rsk2, Ck2, and Pkc isoenzymes, were found to phosphorylate Hsf1 in vitro or in vivo on overexpression of the respective protein kinase. To date, it is not known which of these protein kinases actually phosphorylates Hsf1 in unmanipulated, stressed or unstressed cells.
Daxx was recently identified as an important cofactor of Hsf1 activation (Boellmann et al 2004) . Although originally described as an enhancer of Fas-mediated apoptosis, Daxx has since been assigned several other functions, including repression of basal transcription (Michaelson 2000) . Daxx is known to be concentrated in subnuclear structures called promyelocytic leukemia oncogenic domains but is released into the nucleoplasm during different types of stress. Heat induction of Hsp70 or of hsp70 promoter-directed reporter gene expression is markedly reduced on depletion of Daxx by RNAi or in a cell line lacking functional Daxx. Overexpressed Daxx weakly stimulates basal Hsf1 activity but dramatically activates overexpressed (trimeric) Hsf1. How Daxx enhances Hsf1 transcriptional activity is unknown at this time, but the protein interacts with trimeric Hsf1 and may compete with binding of the Hsp90-p23-Fkbp52 complex to trimeric HSF1. It is noted that an earlier study that examined cell lines lacking functional Daxx failed to reveal a reduced Hsf1 activity (Nefkens et al 2003) . It is speculated that, under the conditions of mild stress used in the latter study, a Daxx effect could have been obscured by the known feedback regulation of the stress protein response. Several other mechanisms were described that may prove to be important for Hsf1 regulation. Hong et al (2001) first reported that human Hsf1 is sumoylated at Lys 298 in cells exposed to a stress. Hietakangas et al (2003) corroborated this finding but, contrary to claims of the original study, concluded that elimination of the sumoylation site affected neither the DNA-binding activity nor the transcriptional activity of Hsf1 (see also Knauf et al 1996) . Hence, a regulatory role of this modification remains speculative. Hu and Mivechi (2003) reported that, when overexpressed, Ral-binding protein 1 (RalBP1) associates with Hsp90 complex-bound Hsf1 in the unstressed cell and downmodulates stress-induced Hsf1 activity. RalBP1 is known to be an effective transporter of glutathione-electrophile conjugates and xenobiotics (Awasthi et al 2003) . Hence, the findings suggest the interesting possibility that there may exist a direct feedback mechanism to inhibit activation of Hsf1 and the stress protein response when sufficient RalBP1 is available for removing oxidation products. However, a more indirect mechanism can also be envisioned: when RalBP1 is overexpressed in a cell, export of proteotoxic products is accelerated. As a consequence, the cell may experience a reduced level of stress. Because RalBP1 is normally a membrane-associated protein, a demonstration that the protein also interacts with Hsf1 in the absence of overexpression would constitute an important additional piece of evidence in support of a direct feedback mechanism. Satyal et al (1998) discovered a 76-residue polypeptide containing 2 stretches of hydrophobic repeats. When overexpressed, this polypeptide, termed heat shock factor binding protein 1, interferes with stress induction of Hsf1 activity. It remains to be established whether this protein functions as a physiological regulator of Hsf1. Finally, in a number of cell types, Hsf1 accumulates in a few nuclear foci during stressful events (Sarge et al 1993) . These granules, termed stress granules, were found to form on chromosome 9 heterochromatin of human cells (Jolly et al 2002) . It was speculated that stress granules could represent sites of storage or buffering (or both) of active Hsf1. It would seem important to learn more about how this sequestration affects cellular Hsf activity.
CONCLUDING REMARKS
It appears that, thanks to the contributions of many laboratories, an initial understanding of mechanisms controlling Hsf-Hsf1 activity and the stress protein response may have been gained and a number of interesting avenues for follow-up studies were identified. It is abundantly clear, however, that our understanding is still very incomplete and our models are likely to be overly simplistic. Fortunately, there are good reasons to believe that interest in the regulation of the stress protein response will, if anything, grow in the future, not least because of the realization that a number of important diseases appear to be ''chaperoning'' diseases and that, therefore, a pharmacological approach that deliberately activates the response may potentially ameliorate or prevent these diseases. A deeper insight into the mechanisms that regulate Hsf-Hsf1 activity will likely be key to the development of such therapies.
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